Transformer-2 (Tra2), an RNA-binding protein, is an important regulator in Drosophila sex determination. In vertebrates, however, the role of Tra2 homologues is not known. We identified two teleost homologues of Tra2, which we named Tra2a and Tra2b, in medaka (Oryzias latipes). Furthermore, we demonstrated that both Tra2 mRNAs were predominantly expressed in germ cells of both sexes before the onset of sex differentiation, suggesting that both Tra2 homologues might be involved in the sex differentiation in medaka.
Results and discussion
Gene expression in eukaryotes is often regulated through alternative splicing of pre-mRNA. In Drosophila, several proteins functioning as splicing regulators play central roles in sex determination (Baker, 1989) . RNA-binding protein transformer-2 (Tra2) with an RNA recognition motif (RRM) and two separate RS (Arg/Ser-rich) domains is an important splicing regulator in Drosophila sex determination (Amrein et al., 1988) . Tra2 in combination with the female-specific transformer (Tra) protein directs female sexual differentiation by female-specific splicing of doublesex (dsx) premRNA (Nagoshi et al., 1988; Burtis and Baker, 1989; Hoshijima et al., 1991; Ryner and Baker, 1991) . Genetic females lacking a functional Tra2 produce male-specific dsx mRNA that causes transformation into sterile males (Watanabe, 1975; Nagoshi et al., 1988) . Tra2 is also required for normal spermatogenesis and sexual behavior via alternative splicing (Belote and Baker, 1983; Mattox and Baker, 1991; Hazelrigg and Tu, 1994; Ryner et al., 1996) .
In humans, two homologues (Tra2a and Tra2b) of Tra2 have been characterized as sequence-specific activators of pre-mRNA splicing (Dauwalder et al., 1996; Beil et al., 1997; Tacke et al., 1998) . When human Tra2a is expressed in Drosophila, it induces female sexual differentiation and directs female-specific splicing of dsx pre-mRNA (Dauwalder et al., 1996) , indicating that fly and human Tra2 proteins have similar functions. Furthermore, Tra2a mRNA expression increases when mouse cells are treated with androgens, suggesting its involvement in mammalian sex differentiation (Lieberman et al., 2001) . Although the function of Tra2 in humans is unknown, it is likely that their function would be conserved among vertebrates. To this end, we extended the analysis of Tra2 to the teleost fish medaka.
Medaka (Teleost, Oryzias latipes) is a small laboratory fish with several advantages such as a short generation time, small genome size, and also several useful strains (Ishikawa, 2000) . A detailed linkage map has been established (Wada et al., 1995) , transgenic techniques are developed (Ozato et al., 1986) , and mutations affecting embryonic development have been screened (Loosli et al., 2000 analyzing various biological phenomena including embryonic development and sex determination. In the present study, as a first step toward analyzing roles of Tra2 in vertebrate embryogenesis and sex determination, we isolated medaka homologues of Tra2 cDNA and examined their mRNA expression patterns in various adult organs and embryos at different developmental stages.
Isolation and characterization of two teleost homologs of Tra2
To isolate medaka Tra2 cDNA, PCR was performed with the degenerate primers using testis cDNA as a template, and two PCR products (276 bp) were obtained. Deduced amino acid sequences of the two cDNA clones showed highest identity to mammalian Tra2 proteins. Therefore, we named them medaka Tra2a and Tra2b, and used as probes to screen the cDNA libraries.
To isolate Tra2 cDNAs containing the complete open reading frame (ORF), 1 £ 10 6 phage clones in medaka testicular and ovarian cDNA libraries were screened, and four and seven positive clones for Tra2a and Tra2b, respectively, were successfully obtained. 288, 297, 321, 287, 183, 184 , and 297 amino acid residues, respectively (DDBJ accession nos. AB079122, AB159271 -AB159276). All of Tra2a and Tra2b clones possessed complete consensus nucleotide sequences of 1143 and 1109 bp, respectively, including the sequences for the RRM and the carboxyl terminal RS domain, but they also contained 5 0 -region whose nucleotide sequences were different for each clone. Therefore, they seem to be alternatively spliced transcripts of Tra2a and Tra2b.
Tra2 proteins from the Tra2a1, Tra2a3, Tra2b1, Tra2b2, Tra2b3, Tra2b4, and Tra2b7 clones contained an RRM and two separate RS domains, but the proteins for the Tra2a2, Tra2a4, Tra2b5, and Tra2b6 clones lacked the amino terminal RS domain (Fig. 1) . In Drosophila and human, fulllength Tra2 proteins include two separate RS domains across the RRM, which is essential for recognizing premRNAs (Burd and Dreyfuss, 1994) , while truncated Tra2 proteins lack the amino terminal RS domain of the fulllength Tra2 proteins (Mattox et al., 1990; Beil et al., 1997) . It was reported in Drosophila that there are functional differences between the full-length and truncated Tra2 proteins . A full-length Tra2 protein is able to support normal male fertility and to regulate splicing of two target pre-mRNAs, but a truncated Tra2 is likely to be non-functional in the male germline. Similarly, in medaka, there may be functional differences between the full-length and truncated Tra2 proteins in regulating alternative splicing of pre-mRNA.
The size and number of Tra2a and Tra2b mRNAs were determined by Northern blot analysis (Fig. 2) . Using Tra2a cDNA probe, a major band of mRNA comprising 1.5 kb and a minor band of mRNA containing 3.0 kb were detected in both the testis and ovary, similarly to the case in Drosophila where transcripts of the gene encoding the Tra2 protein are detected in both gonads (Amrein et al., 1988) . A major band of mRNA comprising 1.8 kb and a minor band of mRNA containing 3.5 kb were detected with Tra2b cDNA probe, strongly in both the testis and ovary. From estimates of the total sizes of the Tra2a and Tra2b clones, we suggest that 1.5 and 1.8 kb major bands are most probably Tra2a1 and Tra2b1 mRNAs, respectively. The overall identity between Tra2a1 and Tra2b1 proteins was 76.4%. Their deduced amino acid sequences were compared with other Tra2 proteins from several mammalian species and Drosophila (Fig. 3) . The overall identity of medaka Tra2a1 with mammalian Tra2 proteins (Matsuo et al., 1995; Dauwalder et al., 1996; Segade et al., 1996; Beil et al., 1997) was 70.2-70.5%, but only 42.5% with Drosophila Tra2 (Amrein et al., 1988) . The identities of medaka Tra2b1 with mammalian and Drosophila Tra2 proteins were 71.0 -72.5 and 43.0%, respectively. These results suggest that Tra2 proteins are highly conserved among vertebrates.
Medaka Tra2a1 and Tra2b1 proteins had ribonucleoprotein 1 (RNP-1) and RNP-2 submotifs, which are well conserved in the RRM (Burd and Dreyfuss, 1994) , similarly to Tra2 proteins of other species. Mammalian Tra2 proteins have a glycine-rich region containing 8 or 16 glycine residues, which is absent in Drosophila Tra2. The glycinerich regions in human Tra2a and Tra2b are located outside and within the carboxyl terminal RS domain, respectively. As the two medaka proteins contained a glycine-rich region with nine glycine residues in a position similar to that in human Tra2a, both Tra2a and Tra2b isolated in the present study may be medaka homologues for human Tra2a.
Stage-and tissue-specific expression of teleost Tra2 mRNAs
Expression of medaka Tra2a and Tra2b mRNAs was examined in various adult organs of the orange-red variety and embryos at different developmental stages of the FLF II stock with RT-PCR (Fig. 4) . Several transcripts were detected using the consensus sequences in Tra2a or Tra2b isoforms as primers: Tra2a1 (435 bp), Tra2a4 (700 bp), Tra2b1 (637 bp), Tra2b3 (794 bp), Tra2b4 (851 bp), Tra2b6 (886 bp), and Tra2b7 (794 bp). These PCR products were subcloned and sequenced. In adults Tra2a and Tra2b mRNAs were expressed strongly in the eye, heart, spleen, brain, and gonads but weakly in the liver. Consistent with our results from Northern blot analysis, a high expression level of Tra2b1 mRNA was detected in the testis and ovary. During development both Tra2a1 and Tra2b1 mRNAs were expressed strongly in both sexes before and during sexual differentiation which initiates before the hatching stage (Hamaguchi, 1982) ; we detected the expressions in 1-h (1-cell stage), 2-day (16-somite stage), and 9-day (hatching stage) embryos. Although Tra2a4 mRNA was hardly detected in the 1-h embryo, it was strongly expressed in the 2-day and 9-day embryos, while Tra2b3, Tra2b4, Tra2b6, and Tra2b7 mRNAs were barely expressed at these stages. Thus, there may be functional differences among the spliced variants of Tra2 transcripts during embryogenesis.
To examine whether medaka Tra2a and Tra2b mRNAs are expressed in the embryonic gonad before and during sexual differentiation, whole-mount in situ hybridization was performed in the embryos of the FLF II stock using RNA probes of Tra2a, Tra2b, and olvas (germ cell marker; Shinomiya et al., 2000) . Similarly to the case in Drosophila where a low level of Tra2 transcript is present in the soma and a high level in the germ line in both sexes (Amrein et al., 1988) , Tra2a and Tra2b mRNAs were predominantly expressed in the germ cells of both sexes; we detected germ cell-specific expressions in 4-day (air bladder formation stage), 7-day (precardial cavity formation stage), and 9-day (data not shown) embryos, but not in 2-day embryos of both sexes (Fig. 5) . Thus, we present the first demonstration that Tra2 transcripts are predominantly expressed in germ cells of both sexes before and during sexual differentiation among vertebrate species, suggesting that both Tra2a and Tra2b are likely to be involved in sex differentiation in medaka.
Human Tra2a and Tra2b are present in nuclear extracts from HeLa cells and were shown to bind efficiently and specifically to a splicing enhancer element in a pre-mRNA (Tacke et al., 1998) . However, their function in vivo remains unknown. In Drosophila more is known of their function in vivo: Tra2 regulates sexual differentiation, behavior, and spermatogenesis via alternative splicing (Belote and Baker, 1983; Baker, 1989; Mattox and Baker, 1991; Hazelrigg and Tu, 1994; Ryner et al., 1996) . As in fly, in vivo genetic studies may be required in medaka to elucidate the roles of vertebrate Tra2 proteins in sex differentiation.
In the present study, we isolated two medaka homologues of the Drosophila Tra2, Tra2a and Tra2b. Furthermore, we demonstrated that both Tra2a and Tra2b mRNAs were predominantly expressed in germ cells of both sexes before the onset of sex differentiation. Our future studies will focus on the roles of the Tra2 proteins during the embryogenesis and sex differentiation, making use of several advantages for medaka to identify gene functions such as several inbred and mutant strains available as well as embryonic stem cell lines for producing knockout fish (Hong et al., 1998) .
Experimental procedures

Animals
Two medaka stocks, orange-red variety and FLF II (Wakamatsu et al., 2003) were used. FLF II stock allows identification of genotypic sex by the appearance of leucophores at 2-day after fertilization (before the onset of sex differentiation). Fish were bred in 20-l tanks at 26 8C under a 14-h light and 10-h dark cycle.
Isolation and sequence analysis of medaka Tra2 cDNA clones
Degenerate primers (5 0 -YCTTGGWGTRTTTGGSYT-SAGYTTG-3 0 and 5 0 -GTCTBCCCATGTARATKCCWG GKGT-3 0 ) were synthesized corresponding to peptide sequences (LGVFGLSL and TPGIYMGR) conserved among mammalian Tra2 proteins (Matsuo et al., 1995; Dauwalder et al., 1996; Segade et al., 1996; Beil et al., 1997) . Total RNA was extracted from adult testes using ISOGEN (Nippongene, Tokyo, Japan) and first strand cDNA was synthesized from the total RNA by oligo(dT) priming with an RNA PCR Kit (Applied Biosystems, Foster, CA). PCR was performed with the degenerate primers in the PCR mixture [0.2 mM each of dNTP, 50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris -HCl (pH 8.3), 1 unit Taq DNA polymerase (AmpliTaq Gold; Applied Biosystems)]. PCR conditions were as follows: preheating at 95 8C for 10 min, 35 cycles of PCR at 94 8C for 30 s, 54 8C for 30 s, 72 8C for 1 min, and a final extension at 72 8C for 5 min. The resulting PCR products (276 bp) were electrophoresed on a 2% agarose gel, purified, inserted into the TA-vector pCR II (Invitrogen, San Diego, CA), and sequenced by an ABI PRISM 310 Genetic Analyzer (Applied Biosystems) using ABI PRISM BigDye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosystems).
To isolate medaka Tra2 cDNAs containing ORF, medaka testicular and ovarian cDNA libraries (Yokoi et al., 2002) were screened with two digoxigenin-labeled Tra2 PCR products as probes according to the methods described previously (Kitano et al., 1999) . Sequencing of both strands of the cDNA clones was performed according to the methods described above. Fig. 4 . Stage-and tissue-specific expression of Tra2 transcripts in the medaka. Total RNA (1 mg) extracted from various adult organs and stages was reverse-transcribed and amplified by PCR. The PCR products were electrophoresed on a 2% agarose gel with 100 bp ladder marker. EF-1a was used for an internal control. The arrows indicate the fragments specific for Tra2a1 (435 bp), Tra2a4 (700 bp), Tra2b1 (637 bp), Tra2b3 (794 bp), Tra2b4 (851 bp), Tra2b6 (886 bp), Tra2b7 (794 bp), and EF-1a (437 bp).
Northern blot analysis and RT-PCR
Total RNA was extracted from embryos incubated at 26 8C and various adult tissues using ISOGEN (Nippongene). For Northern blot analysis, 10 mg of total RNA extracted from the testis and ovary was electrophoresed on a 1% formaldehyde agarose gel and blotted to a nylonmembrane, Hybond(N) þ (Amersham Pharmacia Biotech). The membranes were prehybridized at 42 8C for 2 h in a hybridization buffer [5 £ standard sodium citrate (SSC), 50% formamide, 0.5% sodium dodecyl-sulfate (SDS), 5 £ Denhardt's, and 20 mg/ml salmon sperm DNA] and then hybridized at 42 8C for 16 h with [a-32 P]dCTP-labeled Tra2a (1.0 kb) or Tra2b (1.2 kb) cDNA, which includes the nucleotide sequences for the RRM and the carboxyl terminal RS domain. The membranes were washed successively in 2 £ SSC, 0.1% SDS at 65 8C for 30 min and 0.1 £ SSC, 0.1% SDS at 65 8C for 15 min.
For RT-PCR, 1 mg of total RNA was reverse-transcribed in 20 ml of the reaction mixture [1 mM of each dNTP, 50 mM KCl, 5 mM MgCl 2 , 10 mM Tris -HCl (pH 8.3), 2.5 mM oligo(dT) 16 hybridization using fluorescein-labeled olvas antisense RNA probe with digoxigenin-labeled Tra2 sense or antisense RNA probe. Both Tra2a and Tra2b transcripts (blue) were co-expressed with olvas transcript (red) in the germ cells of 4-, 7-, and 9-day (data not shown) embryos, but not in 2-day embryos.
Whole-mount in situ hybridization
Double-labeling in situ hybridization was performed using antisense or sense RNA probe of digoxigenin-labeled Tra2a (1.0 kb) and Tra2b (1.2 kb), which include the nucleotide sequences for the RRM and the carboxyl terminal RS domain, and antisense RNA probe of fluorescein-labeled olvas as described by Köster et al. (2000) . In all cases, the fast red detection (red) was performed first, followed by the NBT/BCIP (blue) staining.
